ABSTRACT: The solution structure of human adult carbonmonoxy hemoglobin (HbCO A) was refined using stereospecifically assigned methyl groups and residual dipolar couplings based on our previous nuclear magnetic resonance structure. The tertiary structures of individual chains were found to be very similar to the X-ray structures, while the quaternary structures in solution at low salt concentrations resembled the X-ray R structure more than the R2 structure. On the basis of chemical shift perturbation by inositol hexaphosphate (IHP) titration and docking, we identified five possible IHP binding sites in HbCO A. Amide−water proton exchange experiments demonstrated that αThr38 located in the α1β2 interface and several loop regions in both α-and β-chains were dynamic on the subsecond time scale. Side chain methyl dynamics revealed that methyl groups in the α1β2 interface were dynamic, but those in the α1β1 interface were quite rigid on the nanosecond to picosecond and millisecond to microsecond time scales. All the data strongly suggest a dynamic α1β2 interface that allows conformational changes among different forms (like T, R, and R2) easily in solution. Binding of IHP to HbCO A induced small structural and dynamic changes in the α1β2 interface and the regions around the hemes but did not increase the conformational entropy of HbCO A. The binding also caused conformational changes on the millisecond time scale, very likely arising from the relative motion of the α1β1 dimer with respect to the α2β2 dimer. Heterotropic effectors like IHP may change the oxygen affinity of Hb through modulating the relative motion of the two dimers and then further altering the structure of heme binding regions. H emoglobin (Hb) is a tetrameric protein consisting of two identical α-subunits and two identical β-subunits. It has been used as a model system in textbooks for understanding protein cooperativity, allosteric effects, and structure−function relationships. In the two-structure MWC concerted model 1 and Perutz's stereochemical model, 2 hemoglobin has been assumed to exist in two interconvertible forms, the tense (T) deoxy form and the relaxed (R) oxy form. Early X-ray crystallographic studies showed that Hbs could adopt only two stable quaternary structures, one corresponding to deoxy-Hb (T state) and the other to ligand-bound Hb (R state, e.g., in complex with oxygen or carbon monoxide). Although the R and T quaternary structures are significantly different, the tertiary structures of each subunit are nearly identical in the two forms. These studies supported the two-structure models that explained the experimental oxygen binding data. However, a number of new ligand-bound Hb structures known as R2, 3 RR2, 4 and R3 4 were later discovered by altering the crystallization conditions for human adult carbonmonoxy Hb (HbCO A). Because of the significant differences in the quaternary structure among the identified Hb structural forms, the two-structure models have been challenged. To address which quaternary structure represents the true ligand-bound state in solution, we investigated the quaternary structures of Hb in the absence and presence of the allosteric effector IHP using one-bond 1 H− 15 N residual dipolar couplings (RDCs) assuming that the structure of each αβ dimer in solution was the same as that in the crystal state. From these studies, we concluded that the solution structure of HbCO A was a dynamic intermediate between the R and R2 forms and IHP could shift the structure toward the R form.
H emoglobin (Hb) is a tetrameric protein consisting of two identical α-subunits and two identical β-subunits. It has been used as a model system in textbooks for understanding protein cooperativity, allosteric effects, and structure−function relationships. In the two-structure MWC concerted model 1 and Perutz's stereochemical model, 2 hemoglobin has been assumed to exist in two interconvertible forms, the tense (T) deoxy form and the relaxed (R) oxy form. Early X-ray crystallographic studies showed that Hbs could adopt only two stable quaternary structures, one corresponding to deoxy-Hb (T state) and the other to ligand-bound Hb (R state, e.g., in complex with oxygen or carbon monoxide). Although the R and T quaternary structures are significantly different, the tertiary structures of each subunit are nearly identical in the two forms. These studies supported the two-structure models that explained the experimental oxygen binding data. However, a number of new ligand-bound Hb structures known as R2, 3 
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, 4 and R3 4 were later discovered by altering the crystallization conditions for human adult carbonmonoxy Hb (HbCO A). Because of the significant differences in the quaternary structure among the identified Hb structural forms, the two-structure models have been challenged. To address which quaternary structure represents the true ligand-bound state in solution, we investigated the quaternary structures of Hb in the absence and presence of the allosteric effector IHP using one-bond 1 H− 15 N residual dipolar couplings (RDCs) assuming that the structure of each αβ dimer in solution was the same as that in the crystal state. From these studies, we concluded that the solution structure of HbCO A was a dynamic intermediate between the R and R2 forms and IHP could shift the structure toward the R form. 5, 6 Then, we determined a solution structure of HbCO A using an NOESYbased strategy 7 and found that the nuclear magnetic resonance (NMR) solution structures of each subunit and the αβ dimer agreed well with those in the R2 or R form, but the tetramer structure was notably different from the X-ray structures.
On the basis of the early crystal structures of the Hb molecule, 2 it has been thought that the T form has a lower affinity for oxygen than the R form and thus the quaternary structure of Hb controls its oxygen affinity. However, recent studies demonstrated that the quaternary T and R forms did not correlate with the oxygen affinity of Hb because the T and R forms in the presence of artificial allosteric effectors L35 and inositol hexaphosphate (IHP) had nearly the same affinity for oxygen. 8, 9 Because L35 could greatly reduce the oxygen affinity of Hb without switching the ligand-bound structure to the T form, 10 a dynamic allosteric model was proposed to account for the contribution of protein dynamics to oxygen affinity. 8 This model was supported by a recent molecular dynamics (MD) simulation study showing that the effector 2,3-bisphosphoglycerate (2,3-BPG) significantly increased the dynamics of Hb on a nanosecond time scale. 11 However, NMR relaxation experiments did not detect any significant IHP-induced changes in the backbone dynamics of Hb on nanosecond to picosecond time scales. 12 Instead, IHP greatly increased the backbone dynamics of HbCO A on millisecond to microsecond time scales but had nearly no effect on the dynamics of the deoxy form. 13 Here, we present the refined solution structure of HbCO A in the absence of IHP, water−amide proton exchange results, and the methyl dynamics in the absence and presence of IHP.
■ MATERIALS AND METHODS
Human Normal Adult Hemoglobin Samples. Chainspecifically 13 C-and 15 N-labeled HbCO A and 2 H-and 15 Nlabeled HbCO A were prepared as described previously.
14 For stereospecific assignments of methyl groups of valine and leucine residues, chain-specifically and 10% fractionally 13 Clabeled HbCO A were prepared following the procedure described previously. 15 In the 1 H− 15 N HSQC experiments with IHP titration to HbCO A, the concentration of Hb was ∼0.5 mM (in term of a tetramer) and the final IHP concentration ranged from 0 to 3 mM. In all other experiments, the concentration of Hb was ∼0.6 mM, corresponding to an effective concentration of 1.2 mM per labeled chain type (α or β). It should be mentioned that in our NMR experiments, one type of Hb chain was isotopically labeled and the other was not labeled.
14 All samples were equilibrated with a 0.1 M sodium phosphate buffer (pH 7.0) containing ∼5% D 2 O and saturated with CO gas.
Stereospecific Assignment. Two-dimensional (2D) 1 H− 13 C constant-time HSQC and non-constant-time HMQC spectra were collected at 30°C on a Bruker Avance 600 MHz spectrometer using the 10% fractionally 13 C-labeled samples. The pro-R (C γ1 for Val and C δ1 for Leu) and pro-S (C γ2 for Val and C δ2 for Leu) methyl groups were assigned on the basis that pro-R and pro-S methyls give rise to doublet and singlet peaks in the HMQC spectrum, respectively. The doublet peaks in the HMQC spectrum appeared as negative singlets in the constanttime HSQC spectrum.
Water−Amide Proton Exchange. All NMR experiments for water−amide exchange and methyl dynamics were performed at 30°C on a Bruker Avance 800 MHz spectrometer equipped with a cryogenic TXI probe. The phase-modulated CLEAN chemical exchange (CLEANEX-PM) approach with a fast HSQC (FHSQC) detection scheme 16 C spin−lattice relaxation rates (R 1 ) and cross-correlated relaxation rates (Γ) were measured at 30°C on a Bruker 800 MHz spectrometer using our recently developed methods. 17, 18 In the R 1 measurements, data were acquired with four scans, a spectral width of 22 ppm in the 13 C (t 1 ) dimension, a recycle delay of 1 s, a proton saturation time of 2.5 s, and a series of relaxation delays (0.01, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.6 s). In the Γ measurements, 1 H−
13
C HSQC spectra were recorded with eight scans, a spectral width of 22 ppm in the t 1 dimension, a recycle delay of 2.5 s, a constant time (T) of 27.6 ms, and a series of relaxation delays (Δ) (0.012, 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, 5.4, 6.0, 6.6, 7.2, and 8.0 ms). One duplicate spectrum at a relaxation delay of 1.2 ms was recorded to estimate the experimental errors in peak intensities for each sample; 90 t 1 increment points were used in all experiments. R 1 values were obtained by fitting the peak decay profiles to a monoexponential function. Γ values were calculated from the dependence of peak intensities on the relaxation delay (Δ) using the following equation:
where I is the peak intensity for a given methyl group, J is the one-bond 1 H−
C scalar coupling constant that was determined from data fitting, τ a is the delay used in the first INEPT period in the pulse scheme and was set to 1 ms in this study, and y is a correction factor given by the equation y = 0.2229 − 0.0046τ m + 0.000052τ m 2 in which τ m is the overall tumbling time of the protein.
The measured 13 C relaxation rates R 1 and Γ for a specific methyl group depend on its motional properties in a protein.
Using the model-free analysis, we can extract the internal motional parameters (S 2 and τ e ) from the following equations: 
where γ i and ω i are the gyromagnetic ratio and Larmor frequency of spin i, respectively; ℏ = h/2π; h is Planck's constant; μ 0 is the permittivity of free space; r CH is the C−H bond distance and is assumed to be 1.09 Å; r CC is the C−C bond distance and is assumed to be 1.517 Å; Δσ = σ ∥ − σ ⊥ , where σ ∥ and σ ⊥ are the principal components of an axially C CSA tensor along the parallel and perpendicular axes, respectively, and Δσ is assumed to be 25 ppm; S axis is the order parameter of the methyl rotation axis; S f 2 = 0.111 by assuming a tetrahedral geometry for CH 3 methyl groups;
, in which τ e is the effective internal correlation time and τ m > 10τ e ; and θ ij,jk is the angle between bonds ij and jk. In the case where ij = jk, J ijk (ω) becomes the autocorrelation spectral density function and is denoted as J(ω). Methyl 13 C Relaxation Dispersion. Methyl
C relaxation dispersion data were recorded on uniformly 13 C-labeled samples at 30°C on a Bruker 800 MHz spectrometer using a slightly modified 1 H → 13 C → 1 H CPMG scheme. 19 To remove the effect of J coupling interactions between methyl 13 C and its neighboring 13 C spins, selective RE-BURP 180°pulses were applied during the CPMG and P-element periods. To suppress one-bond 13 C− 13 C coupling during the t 1 period, a selective RE-BURP 180°pulse was inserted between the first t 1 /2 and t b periods. All the RE-BURP pulses had a duration of 1 ms. The RE-BURP pulse used during the t 1 period was centered at 40 ppm, while others were centered at 15 ppm. Using this modified scheme, we could obtain only Ala, Met, and Thr methyl relaxation dispersion profiles because the J coupling effect could not be effectively suppressed for other methyl groups in uniformly 13 C-labeled samples. The dispersion profiles were obtained from 10 spectra recorded with 24 scans, a recycle delay of 1.5 s, 90 increments, and a spectral width of 22 ppm in the t 1 dimension, a constant relaxation delay T of 33 ms, and a series of ν CPMG fields (60. 6 Structure Recalculation. Using distance constraints derived from NOEs, dihedral angle restraints, hydrogen bond constraints derived from water−amide exchange, and residual dipolar coupling (RDC) constraints from a stretched polyacrylamide gel, we recalculated the HbCO A structures with the xplor-nih 21 using two methods. In the first method (or conventional method), backbone torsion angles (Φ and Ψ) derived from the chemical shifts were employed as the dihedral angle restraints, and the tolerance for each torsion angle is ±20°. In the second method (or nonconventional method), Φ and Ψ from the X-ray structure [Protein Data Bank (PDB) entry 1BBB, 1.7 Å resolution] were used as the restraints, and the tolerance was set to ±3°. For both methods, the RDCs that are located in helices were randomly divided into two data sets. C-labeled samples, we determined the stereospecific assignments of all Val and Leu methyls (except for βLeu106) in the α-and β-chains of HbCO A ( Figure S1 of the Supporting Information).
Quaternary Structure. Previously, we determined a solution structure of HbCO A with dihedral angle restraints derived only from chemical shifts and NOE restraints 7 without stereospecific assignments. With the availability of stereospecific assignments of methyl groups, N−H residual dipolar coupling constants that were measured in a stretched polyacrylamide gel, 6 and hydrogen bond constraints, we recalculated the structure of HbCO A. The tertiary structures obtained by the conventional method in the presence or absence of RDC constraints are very similar to the X-ray structures (data not shown), but the RDC Q factors for the 20 lowest-energy structures that were refined with RDCs are abnormal (Table S1 of the Supporting Information). The 80% RDCs used in our structure calculation displayed nearly perfect consistency between the experimental and calculated RDCs, but the remaining 20% RDCs not used in the calculation showed a great discrepancy (Table S1 of the Supporting Information). Moreover, the Q factors of the unused 20% RDCs for the refined structures were even larger than the overall Q factors for the unrefined structures. Therefore, we concluded that this method gives priority to local structural adjustments rather than to the adjustment of the relative subunit−subunit orientations during the structure calculation. To overcome this problem, we implemented a nonconventional method, i.e., using very tight dihedral angle restraints with a small tolerance (±3°) and a high weighting factor. Because the tertiary structures of individual chains determined with the conventional method are very similar to the X-ray structures, Φ and Ψ angles derived from the X-ray structure (PDB entry 1BBB) were employed as the input dihedral angles in this nonconventional protocol. The results show great improvement in terms of Q factors (Table S1 of the Supporting Information). The final constraints used and structural statistics obtained are listed in Table 1 .
The overall quaternary structure of HbCO A in solution obtained here ( Figure S2 of the Supporting Information) is more similar to the X-ray R structure of HbCO A than to the R2 structure. The C 2 symmetry axes of the 20 lowest-energy NMR structures are close to the C 2 axis of the R structure (Figure 1a quite similar to the R and R2 structures and very different from the T structure in terms of the location of β2His97 (Figure 1e ). These results indicate that the solution structure is closer to the R structure.
Safo et al. 4 reported that the R2 structure could also be crystallized under high-salt conditions (similar to conditions used to obtain the classical R structure 2 ). Mueser et al. 25 reported that the R structure of bovine HbCO was not unique but depended on the crystallization conditions. By a comparison of the geometric coordinates of the T, R, and R2 structures, Srinivasan and Rose 26 concluded that in going from the deoxy to the ligated form, the quaternary structures went from T to R, and then to R2; i.e., R was the intermediate state during the ligation process. It has been pointed out that different R-type structures could coexist in equilibrium under either high-salt or low-salt conditions and different crystal forms may simply reflect subtle differences in crystallization conditions. 4, 25 These NMR structures illustrate that HbCO A can exist in multiple conformations in solution and they are more similar to the R quaternary structure. Although one can argue that the structural variations in solution result from insufficient constraints, we will show later in this paper that the interface is quite dynamic over a wide range of time scales and the dynamics can result in the multiple quaternary structures of HbCO A in solution.
Effect of IHP on the Structure of HbCO A. Titration of IHP to the chain-specifically 2 H-and 15 N-labeled and Figure  S3c of the Supporting Information), the binding affinity should be submillimolar, although it could not be quantified because the number of IHP binding sites is unknown. A previous 31 P NMR study found the affinity of IHP for HbCO was ∼50 μM, 28 consistent with our titration data. The chemical shift perturbations for different amino acid residues are shown in Figure 2 . The residues with significant chemical shift changes (larger than the average value) in backbone NH and/or side chain CH 3 are mainly located in four regions. The first region is around the N-terminus (e.g., αVal1, αSer3, αLys7, αAsn9, βVal1, and βLeu3) and the C-terminus (αThr137, βHis143, and βHis146). The second region is around the EF loop (e.g., αAsn78, αAla79, βLys82, and βGly83). The third region is in the α1β2 interface around the switch region or αC helix−βFG corner (e.g., αThr38, αThr39, αThr41, βLeu96, βAsp99, and a Selected from 100 calculated conformers according to overall energy. The restraints are for the four chains (i.e., a tetramer). b Q factor calculated with the same method as that used in Table S1 .
c Calculated with MOLMOL. 46 Residues in all α-helical regions were used (i.e., helices A−C and E−H for the α-chain and helices A−H for the β-chain).
d Averages are over heavy backbone atoms (all heavy atoms). βGlu101) and around the joint region or αFG corner−βC helix (e.g., αAsp94, αVal96, αAsn97, αLeu100, and βPhe41). The fourth region is around the heme group (e.g., αAla65, αLeu83, αLeu86, αLeu93, αLeu136, βVal67, βAla70, βLeu88, βLeu98, and βLeu141) (Figure 3 ). According to the chemical shift perturbations, many of the perturbed residues are not located on the protein surface ( Figure S2 of the Supporting Information). This indicates that IHP binding causes slight structural changes for the regions far from the binding sites, and determination of the binding sites from the perturbation data alone is very difficult. Thus, we performed docking of IHP to the protein with AUTO-DOCK 23, 24 based on the NMR structure determined here. We found two potential binding sites in the β-cleft that are 13 C, respectively, between the samples in the presence of 3 mM IHP and in the absence of IHP. The empty regions indicate that no information is available for residues in those regions because the NH and CH HSQC peaks of those residues were invisible or unassigned. The residues containing no methyl groups are located in the empty regions, too. For Leu and Val, the data for γ 1 and δ 1 methyl groups are shown with blue bars while the data for γ 2 and δ 2 methyl groups with red bars. Other methyl groups are displayed with red bars. The dashed lines represent the mean values over all residues with perturbation data. located at the entrance of the central cavity, two in the α-cleft, and one inside the central cavity (Figure 4 and Figure S2 of the Supporting Information). Each site in the β-cleft involves six positively charged groups: β1Val1, β1His2, β1Lys82, β2Lys144, β2His143, and β2His146 in one site and β1His143 and β1His146, β2Val1, β2His2, β2Lys82, and β1Lys144 in the other (Figure 4a and Figure S2b of the Supporting Information). Each site in the α-cleft involves only three positively charged groups: α1Val1, α1Lys7, and α2Arg141 in one site and α1Arg141, α2Val1, and α2Lys7 in the other (Figure 4b and Figure S2a of the Supporting Information). Note that the N-terminal amino group of a polypeptide is positively charged. Overall, the docking results are consistent with the chemical shift perturbation result (Figures 2 and 4) .
1 H HSQC spectrum in the absence of IHP on an 800 MHz NMR spectrometer). Because the protein was assumed to be rigid in the docking process, the positively charged N-terminal amino group of the α-chain did not interact with the negatively charged IHP directly ( Figure  4b ). It is likely that a direct charge−charge interaction may exist by reorientation of the N-terminus of the α-chain that is very flexible in the absence of IHP. The chemical shift of the backbone amide of βLys144 did not change significantly, implying that only the side chain of βLys144 is involved in the interaction with IHP while its backbone is some distance from IHP. Besides βLys144, other binding residues located in the β-cleft were also found previously to be involved in the binding of IHP to the deoxy T state Hb. 29 A recent computational study proposed that IHP binds to the α1 and α2 chains via interactions with α1Lys99, α1Arg141, α2Lys99, and α2Arg141 in the ligated R state Hb. 30 Our docking also identified this binding site, i.e., the binding site inside the central cavity, but αArg141 did not participate in the interaction with IHP in our model (Figure 4c and Figure S2c of the Supporting Information). In most X-ray structures, α1Lys99 (located inside the central cavity of the Hb tetramer) is more than 15 Å from α1Arg141 that is exposed to solvent; it seems that IHP (the largest separation between two oxygen atoms in IHP is ∼10 Å) cannot be held tightly by these four charged residues without conformational changes in the protein. When the dihedral angles around αArg141 are allowed to change by a few degrees, the charged αArg141 and αLys99 side chains can interact simultaneously with IHP. In solution, the C-terminal region (αLys139−αArg141) of the α-chain could not be observed on an 800 MHz NMR spectrometer, but αArg141 gave rise to weak signals on a 500 MHz NMR spectrometer in the absence of IHP, indicating that this region is flexible on millisecond to microsecond time scales. In the presence of IHP, the 1 H− 15 N correlation of αLys99 disappeared, indicating that αLys99 was influenced by IHP via direct interaction or an allosteric effect. In addition, the residues proximal to αLys99 and αArg141 displayed significant chemical shift changes upon IHP binding. Thus, it is possible that α1Arg141 and α2Arg141 move in toward the cavity in solution and then interact with one IHP molecule together with α1Lys99 and α2Lys99.
Nearly all of the methyl groups around the heme in HbCO A displayed significant chemical shift changes upon IHP binding. Binding of IHP to any of the binding sites discussed above would not involve direct interaction of IHP with the heme or the methyl groups situated in the vicinity of the heme. Thus, the chemical shift perturbation for these methyl groups should result from slight tertiary structural changes around the heme induced by the heterotropic effector IHP. This is consistent with the previously proposed model, i.e., heterotropic effectors alter the tertiary structure of Hb and in turn change the function or oxygen binding affinity. 9, 31 Besides the chemical shift perturbation around the hemes, many residues located in the α1β2 interface and several residues in the α1β1 interface displayed significant chemical shift changes upon IHP binding. These shift changes should not be caused by the direct interaction with IHP either but induced by alteration of the quaternary structure. This agrees very well with our results obtained from the recent RDC and backbone relaxation studies. 6, 12 Therefore, the binding of IHP to Hb alters not only the tertiary structures around the heme groups but also the quaternary structure. It seems that the heterotropic effectors regulate the affinity of Hb for its ligands (like O 2 and CO) through modulation of both the tertiary and quaternary structures.
Amide−Water Exchange. Table 2 lists the amide−water proton exchange results obtained from exchange profiles ( Figure S4 of the Supporting Information) using the CLEANEX-PM experiment for all measurable residues in HbCO A. Residues with amide−water proton exchange rates slower than 1 s −1 could not be detected by this method. Only ∼10% of the amides showed relatively large amide−water proton exchange rates under our experimental condition (pH 7.0 and 30°C). These amides are distributed mainly in the Nterminal regions, AB connection (αAla19−αHis20 and βVal18−βAsn19), αCD−βCE loop (αPro44−αSer52 and βPhe41−βAsp52), EF loop (αHis72−αSer81 and βLeu78−βThr87), and GH loop (αPro114−αPhe117 and βPhe118−βPhe122). The exchange results show that the loops and N-termini of the α-and β-chains are dynamic on second to millisecond time scales. According to the R and R2 structures of HbCO A, all amides with measurable exchange rates in the absence of IHP, with the exception of αHis20 and αSer52, do not form hydrogen bonds, demonstrating that the tertiary structure of HbCO A in solution is very similar to the crystal R and R2 structures. The amides of αHis20 and αSer52 had detectable exchange rates, indicating that they may not be involved in hydrogen bonding in solution, although they can form hydrogen bonds with the respective backbone oxygen atoms located at αVal17 and αSer49 in the crystal structures. The difference for these two residues between the solution and crystal structures is further supported by a previous backbone dynamics study, 12 which suggested that the backbone amides of αHis20 and αSer52 are significantly more mobile than the amides in regular helices on picosecond to nanosecond time scales. Interestingly, αThr38 located in the α1β2 interface displayed a very large exchange rate, indicating that the interface around this residue is accessible to water and dynamic on the second to millisecond time scale.
When IHP binds, the exchange rates for most amides remained nearly unchanged, showing that the interaction of HbCO A with IHP does not alter the secondary structure significantly. However, several residues displayed significant changes in the exchange rates. αAla5, βPhe41, and βSer44 showed increases larger than 10 s , while αThr38, αAla82, βLeu81, and βLys82 displayed decreases of more than 10 s −1 (Table 2) . Because βLeu81 and βLys82 are located in one possible IHP binding site, IHP binding may reduce the access of water to the amides of βLeu81 and βLys82 and in turn causes a significant reduction of the amide−water exchange rates for these two residues. Because αAla5 is near a possible IHP binding site in the α-cleft, the change in its NH−water exchange rate may result from IHP-induced structural changes around the binding site. According to the chemical shift perturbations (Figure 2 ), the binding of IHP perturbs the structure of the αF helix. The slight structural alteration in this helix may contribute to the change in the exchange rate for αAla82 (located at the beginning of the αF helix). αThr38 is located in the α1β2 switch region, while βPhe41 and βSer44 are in the joint region. Significant changes in the exchange rates for these residues further indicate that the α1β2 interface structure (quaternary structure) is altered upon IHP binding.
Order Parameters of Methyl Groups. Methyl 13 C R 1 and Γ values were determined for HbCO A in the absence and presence of IHP. Only cross-peaks in the 1 H− 13 C HSQC spectrum without overlap were analyzed. Methyl groups involved in strong J coupling interactions with their respective adjacent 13 C spins were excluded in our analysis. Because the rotational motion of HbCO A in solution is nearly isotropic, 12 an isotropic overall motional model (with an overall correlation time of 31 ns determined from 15 N relaxation data using the previous method 32 ) was used in the extraction of order parameters from the R 1 and Γ values. Values of S axis 2 were calculated for 81 of 94 methyl groups in the α-chain and 79 of 95 methyl groups in the β-chain of HbCO A in the absence of IHP, and for 76 methyl groups in the α-chain and 83 methyl groups in the β-chain of HbCO A in the presence of IHP. The order parameter data are shown in Figure 5 for the α-and β-chains. The S axis 2 values are distributed in wide ranges, from ∼0.2 to ∼1 for the α-chain (Figure 5a,b) and from ∼0.1 to ∼1 for the β-chain (Figure 5c,d) . For a given methyl-containing residue, the S axis 2 value of the methyl group depends not only on the backbone mobility of this residue but also on how far the methyl group is from the backbone. 33 To 15 N relaxation data also indicate that a couple of residues in this short loop are more flexible than other loop regions. 12 Unlike backbone order parameters, S axis 2 values for Thr, Val, and Leu methyl groups did not correlate with the secondary structure. Many residues located in the α-helical elements had small S axis 2 values, while some residues located in the loop regions showed relatively large S axis 2 values. Nevertheless, methyl order parameters for Thr, Val, and Leu residues correlated well with the tertiary and quaternary structures as discussed below.
The methyl groups of αThr39 and αThr108 are completely buried inside the protein molecule according to the R, R2, and NMR structures; their S axis 2 values were 0.95 and 0.81, respectively, and were significantly larger than the average (0.70). On the other hand, the S axis 2 values for some partially solvent-exposed Thr methyl groups (e.g., 0.58 for αThr8, 0.51 for βThr12, and 0.31 for βThr87) were smaller than the average. Although αThr67, αThr118, βThr4, βThr50, and βThr123 are partially solvent-exposed, their S axis 2 values were 0.81, 0.91, 0.81, 0.73, and 0.89, respectively, significantly larger than the averages (0.70 for the α-chain and 0.65 for the β-chain) ( Figure S5a ,c of the Supporting Information). Interestingly, in both the R and R2 structures, the side chain oxygen atoms of αThr118, βThr4, βThr50, and βThr123 can form hydrogen bonds with their proximal backbone NH hydrogen atoms of αVal121, βGlu7, βAla53, and βVal126, respectively (hydrogen bonds are defined with the criteria r H(N)O < 2.4 Å and θ HNO < 35°). The side chain of αThr67 can form a hydrogen bond with the side chain NεHε hydrogen of αTrp14 only in the R2 structure, not in the R structure. If the side chain of a Thr residue is involved in hydrogen bonding, the motion of the C β −C γ bond is greatly restricted and the S axis 2 value should be quite large, similar to what we observed for CH 2 groups in some Asp, Gln, and Ser residues, of which side chains form H-bonds in drkN SH3 domain. 33 Although the accuracy of the NMR structure is not good enough for determining the presence of a hydrogen bond between two atoms, the dynamics data obtained here indicate that the side chains of αThr67, αThr118, βThr4, βThr50, and βThr123 are involved in hydrogen bonding in solution. αThr38 and αThr41 are located in the α1β2 interface, and their S axis 2 values were 0.47 and 0.43, respectively, significantly smaller than the average (0.70). The side chain oxygen atom of αThr41 is predicted to form a hydrogen bond with the side chain NH 2 hydrogen atom of βArg40 only in the R structure, not in the R2 structure. The dynamics result clearly indicates that there is no hydrogen bonding between αThr41 and βArg40 and the α1β2 interface is quite flexible on the nanosecond to picosecond time scale in solution. The high S axis 2 value of αThr67 and the low value of αThr41 indicate that the local structure at these two residues in solution resembles more closely the R2 structure than the R structure, although the overall solution structure is more similar to the R than the R2 structure in terms of the relative orientation of the two αβ dimers.
Most of the methyl groups of Leu and Val also have S axis 2 values larger than the averages when they are buried inside, while they have S axis 2 values smaller than the averages when they are solvent-exposed. However, several methyl groups do not follow this trend. The methyl groups of αLeu2, αLeu105, αLeu109, βLeu3, βLeu14, βLeu68, and βLeu75 are nearly completely buried, yet their S axis 2 values were significantly smaller than the averages. A similar phenomenon was observed previously for one Leu residue in the PLCC SH2−peptide complex. 34 αLeu2 and βLeu3 are located at the N-termini, and their backbone amides were shown to be quite flexible.
12 Thus, the low S axis 2 values for these two residues should be caused by the high backbone mobility. αLeu105, αLeu109, βLeu14, βLeu68, and βLeu75 are located in regular helices with high backbone rigidity. The high mobility of these buried Leu methyl groups can result from local breathing motion or/and the presence of internal cavities around these residues. 34 On the other hand, αLeu91 and βLeu96 methyl groups are partially exposed to solvent, but the S axis 2 values were 0.88, 0.71, 0.83, and 0.69 for αLeu91δ1, αLeu91δ2, βLeu96δ1, and βLeu96δ2, respectively, surprisingly larger than the averages (0.55 and 0.52 for the α-chain and β-chain, respectively). Interestingly, both αLeu91 and βLeu96 methyl groups are proximal to hemes (Figure 3) , and we observed several intermolecular NOEs between each of these methyl groups and the heme. The high S axis 2 values of these methyl groups can thus be attributed to their interactions with the heme.
If the alanines are excluded, the methyl-containing residues located in the α1β1 interface include αLeu34, αVal107, αThr118, βVal33, βVal34, βMet55, βVal111, and βThr123. With the exception of αLeu34, all other residues had S axis 2 values significantly higher than the averages. Only one Met residue exists in the β-chain, and its S axis 2 value (0.62) is larger than the average S axis 2 value of Leu methyl groups, although the Met methyl is one bond farther from the backbone than the Leu methyl. The results indicate that the α1β1 interface of HbCO A is rigid on this time scale, consistent with the backbone dynamics results and the X-ray structures. αLeu34 is located at the end of helix B, and one of its methyl groups is largely exposed to solvent, explaining its low S axis 2 values (∼0.34). Only three methyl-containing residues, αThr38, αThr41, and αVal96, are located in the α1β2 interface. Both αThr38 and αThr41 have flexible methyl side chains as shown above. Moreover, the S axis 2 values of the two methyl groups in αVal96 are 0.48 and 0.47, respectively, also significantly lower than the average (0.71). Taken together, the results demonstrate that the α1β2 interface is flexible while the α1β1 interface is quite rigid on picosecond to nanosecond time scales in solution. Solvent hydrogen exchange experiments, 35 though, showed that the α1β1 interface is dynamic as well, albeit on a much slower time scale of milliseconds to seconds, faster in deoxy-Hb and slower in the ligated forms of Hb A. This dynamic behavior is revealed by the solvent exchange rates of the histidyl side chain NεH group of αHis103 and αHis122, and these rates increase in the presence of allosteric effectors such as IHP and inorganic phosphates or chloride ions.
Methyl Dynamics on the Millisecond to Microsecond Time Scale. Except for αThr38 and αThr41, the methyl groups of Ala, Met, and other Thr residues in HbCO A do not display relaxation dispersion in the absence of IHP. For αThr38 and αThr41, small relaxation dispersions can be observed (Figure 6 ), indicating that the switch region in the α1β2 interface of HbCO A is dynamic on the millisecond to microsecond time scale, which is also dynamic on the nanosecond to picosecond time scales as shown above. The αThr38 methyl had a much larger effective relaxation rate than other methyl groups, but its relaxation dispersion is small over the range of CPMG field strengths from 60 to 600 Hz. This result indicates that the conformational exchange for the αThr38 methyl occurs on a time scale significantly faster than milliseconds. The conformational exchange observed here is consistent with the result obtained from a recent backbone relaxation study: αLys40 of HbCO A (in the α1β2 interface) is mobile on the millisecond to microsecond time scale. 13 The mobility of this switch region was detected only for HbCO A, not for the deoxy form. 13 In the deoxy form, the positively charged side chain of αLys40 forms strong interactions with the negatively charged C-terminus of the β-chain (βHis146) according to the crystal structure, greatly reducing the mobility of the switch region. However, in the liganded form, these two residues are too distant to interact with each other in our NMR structure. As a consequence, the interactions in the α1β2 interface become weaker and the interface becomes more dynamic upon Hb ligation. This conformational exchange in the α1β2 interface should result from local dynamics instead of reorientation of the α1β1 dimer relative to the α2β2 dimer. Otherwise, more residues would display relaxation dispersion. Localized conformational exchange in the α1β2 interface was also detected early for the indole NH group of βTrp37 in HbCO A in the presence of IHP. 36 Effects of IHP Binding on Methyl Dynamics. As shown in Table 3 , Figure 5 , and Figure S5 (ii) proximal to the hemes in the α-chain (αMet32, αAla65, αLeu86, and αLeu105) and β-chain (βLeu31, βVal98, βLeu106, and βLeu141), (iii) in the α1β2 interface (αThr38), and (iv) in the α1β1 interface (αLeu34, αVal107, αThr118, βVal34, and βAla115). Several residues in the αG helix (αLeu101, αLeu106, αThr108, and αLeu109), βG helix (βLeu114), and βH helix (βVal134) also displayed significant changes in S axis 2 values upon the interaction of IHP with HbCO A. Although αVal1 and βVal1 are close to the IHP binding sites in the α-and β-clefts, their methyl groups may not interact directly with IHP, and the increase in their methyl mobility may arise from a structural change around the binding sites. Consistent with IHP-induced structural changes (or chemical shift changes), many methyl-containing residues in the proximity of the hemes also displayed changes in dynamics on the picosecond to nanosecond time scales. These changes should be caused by the allosteric effect instead of direct interactions with IHP. Similarly, the changes in the dynamics for the residues located in α1β1 and α1β2 interfaces and helices G and H should originate from the allosteric effect, too.
A recent MD simulation study showed that Hb became more flexible or had higher entropy upon deoxygenation and/or binding of 2,3-BPG. The estimated time scale and maximal amplitude of the fluctuation of helices E and F were of the order of ∼2 ns and ∼3 Å, respectively. 11 On the basis of this simulation, it was proposed that the concerted fluctuations of the EF helical region could modulate the position of the distal and proximal His residues relative to the heme Fe and, in turn, could modulate the oxygen affinity of Hb. 8 It was also suggested that the heterotropic allosteric effects of Hb were caused by conformational entropy changes and had little to do with quaternary structural changes. 8 According to our experimental results, IHP binding induces limited changes in the dynamics of some residues on the picosecond to nanosecond time scales. However, there were no obvious overall changes in mobility on the nanosecond to picosecond time scales for the entire protein or E/F helices upon IHP binding ( Figure 5 and Figure S5 of the Supporting Information). Using the order parameters for the methyl groups in the IHP-free and -bound forms, we estimated the conformational entropy change [S(IHP) − S(free)] to be approximately −70 J mol −1 K −1 for HbCO A using the simple diffusion-in-a-cone model. 37 It is noteworthy that the entropy was calculated by considering conformational changes of only methyl groups on nanosecond to picosecond time scales and neglecting the contributions from other time scales and other groups in methyl-containing residues and other residues. A more reliable empirical calibration method has recently been proposed to estimate the conformational entropy change upon ligand binding from only methyl order parameters. 38 Using a scaling factor of 0.037 kJ mol −1 K −1 residue −1 established previously, 38 the conformational entroy change was found to be −85 J mol −1 K −1 for the Hb tetramer, consistent with result derived from the simple model. Becaue the scaling factor is uncertain and may be different for different proteins, 39 the entropy obtained here is just an estimation. Nevertheless, our result indicates that the conformational entropy of HbCO A should decrease or remain nearly unchanged rather than increase significantly upon IHP binding as proposed previously. 8, 11 Therefore, the heterotropic allosteric effects should result mainly from both tertiary and quaternary structural changes and might be influenced slightly by changes in the dynamics on the nanosecond to picosecond time scales.
When IHP binds to HbCO A, six residues among all the Ala, Met, and Thr residues show obvious relaxation dispersion ( Figure 6 ). One of them could not be assigned unambiguously because the methyl correlation peak of this residue is in an overlapped region in the 13 C− 1 H HSQC spectrum of the α-chain in the absence of IHP. The other five residues (αThr38, αThr41, βAla70, βAla138, and βAla142) are distributed in three regions. αThr38 and αThr41 are located in the α1β2 interface. βAla70 is in close contact with the heme (Figure 3 ). βAla138 and βAla142 are near the heme. βAla142 is adjacent to a residue (βHis143) directly involved in IHP binding ( Figure  4a ). According to previous measurements of R ex values for backbone amides, 13 IHP-induced conformational exchange could also be observed in these three regions: the α1β2 interface, heme binding sites, and IHP binding sites. The results indicate that HbCO A exists in two or more conformations in the presence of IHP, at least for these three regions. Early 31 P NMR studies 40 suggested that IHP binds sequentially to hemoglobin at multiple sites in fast exchange between them with exchange rates of >10 4 s −1
. The conformational exchange observed here should not correspond to those among the fully IHP-bound, partially IHP-bound, and IHP-free forms because many methyl groups displayed significant chemical shift perturbations by IHP but did not show relaxation dispersion upon IHP binding. Instead, more than one protein conformations that undergo exchange in the presence of IHP should exist. Assuming a two-state exchange model, 41 we estimated the exchange rate to be in the range of 400−800 s −1 (i.e., on the millisecond time scale), significantly smaller than that estimated from k on and k D for the binding of IHP to HbCO A. 40 Most likely, the conformational exchange observed here arises from the relative motion of the α1β1 dimer with respect to the α2β2 dimer. The relative motion alters the local structures (chemical shifts) around the α1β2 interface and also the heme binding sites, modulating the oxygen affinity of Hb.
■ CONCLUDING REMARKS
The structural and dynamic results presented in this paper show that (i) the classical two-structure allosteric models for hemoglobin cannot describe the mechanisms as well as the structural and dyamic aspects of the cooperative oxygen binding to Hb A and (ii) hemoglobin is a flexible molecule. This flexibility is essential for the physiological function of Hb A as an oxygen carrier. In solution, the structure of HbCO A is a dynamic ensemble of various structures. A recent wide-angle X-ray solution scattering (WAXS) investigation shows that the observed WAXS pattern for HbCO A in solution is different from those calculated from the atomic coordinate sets, suggesting the structure of this protein in solution is different from the known crystal structures, 42 consistent with our NMR structural and dynamic results.
The binding of the heterotropic allosteric effector, IHP, affects both tertiary and quaternary (intersubunit interface) structures of hemoglobin as well as the relative motion of the α1β1 dimer with respect to the α2β2 dimer but does not increase the conformational entropy. This result is significant, as the role of protein dynamics in the allosteric effect has gained an increased level of recognition recently. 43−45 It appears thus that an intricate web of multiple and highly specific interactions involving both types of intersubunit interfaces is responsible for regulating hemoglobin function. An important implication of our results is that allosteric interactions in other regulatory proteins and enzymes will likely require multiple pathways for signal communication, with the dynamics playing a crucial role. 
